Mangroves occur widely in the tropics but species diversity and stand complexity fall rapidly in 2 temperate regions (Tomlinson, 1994; Spalding et al., 1997; Duke et al., 1998) . Coastal 3 ecosystems at latitudes above 32° N and 40° S lack woody vegetation, in contrast with the 4 tropics, where an estimated 75% of coast can be classified as mangal (Spalding et al., 1997) . 5
This world-wide transition from woody to herbaceous vegetation has long been attributed to 6 temperature (McMillan, 1971; Lugo & Zucca, 1977; McMillan & Sherrod, 1986; Sherrod et al., 7 1986; Tomlinson, 1994; Duke et al., 1998) , but the fundamental mechanisms excluding woody 8 plants from tidal habitats at high latitudes remain unknown. Because mangroves are often 9 considered tropical by definition (Tomlinson, 1994) , few have questioned why they do not 10 spread to temperate areas. 11
Mangroves are a large and diverse ecological assemblage. Trees of widely disparate 12 families are found in the mangrove habitat, representing at least five major and many additional 13 minor independent evolutions of salt-tolerant, anoxia-tolerant, woody plants (Tomlinson, 1994) . 14 Vivipary, breathing roots, and salt glands have evolved multiple times within this ecological 15 classification (Ball, 1988; Duke et al., 1998) , suggesting strong, convergent selective pressures. 16
Given the wide range of species filling this niche, and the opportunities for adaptation present in 17 different lineages, it is surprising that natural selection has not produced woody plants that can 18 tolerate the combined stresses of salinity and freezing. 19
Vulnerability to the disruption of water transport after freezing corresponds with range 20 limits of many species (Sperry et al., 1994; Pockman & Sperry, 1997; Langan et al., 1997; 21 Cavender-Bares & Holbrook 2001) . Significant losses in the ability to supply water to stems and 22
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Page 4 of 22 leaves can occur when air bubbles form in xylem sap during freezing. If the sap thaws under 1 tension, these pockets of air can expand to block water transport (Tyree & Zimmerman 2002) . 2
Whether a bubble will shrink or grow depends on the hydrostatic pressures within both 3 the bubble and the surrounding fluid, as well as the force resulting from the gas:liquid interface. 4
The bubble will expand when 5
where 2γ/r, the inward pressure due to surface tension γ divided by the radius of the bubble r, is 7 less than the difference between the hydrostatic pressure of the xylem sap (P x ; typically <0) and 8 the pressure of the gas within the bubble itself (P B , >0). Thus, as pressure in the sap drops, 9 smaller bubbles will cause xylem dysfunction (Davis et al., 1999; Tyree & Zimmerman 2002) . 10
Mangroves experience comparatively large xylem tensions because of the high osmotic 11 concentration in their substrates (Scholander et al., 1962 , Scholander, 1968 . The xylem water 12 potential of a tree growing in seawater will be ≤ -2.5 MPa even when stomata are closed. The 13 magnitude of this tension increases during the day, as transpiration drives the water potential in 14 the leaves below that of the soil. These substantial xylem tensions cannot be eliminated by 15 shedding leaves, and appear to preclude the generation of positive root pressures as a means of 16 refilling embolized conduits (Sperry et al., 1988) . 17
Plant life in saline habitats can be compatible with cold temperatures; well-developed salt 18 marsh communities dominate tidal plains and estuaries where winter ocean isotherms fall below 19 10°C (Duke et al. 1998) , and extend well into the arctic (Mitsch & Gosselink, 1986) . The feature 20 that distinguishes the salt marsh from the mangal is the lack of woody, arborescent plants. We 21 hypothesize that the unique combination of freezing and tension due to salinity results in the 22
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Page 6 of 22 respectively, NOAA-CIRES 2002) . During the past century, severe freezes (< 8°C) occurred on 1 average once every eight years (Henry et al., 1994) . In southern Australia, mild frosts are 2 common: minimums of 0°C, -0.61°C and -3°C were recorded in mangrove communities during 3 the study (data not shown) and thirteen-year record report minimums of -2.9°C (Commonwealth 4
Bureau of Meteorology 2001). 5
Ion contents of xylem sap Ion contents of xylem vessels were measured using energy dispersive 6 X-ray microanalysis (EDX) (McCully et al., 2000) One stem cross-section was taken from each of three individuals growing at an estuarine 12 site in Nelligen, NSW, Australia, and three individuals from a marine site in Batemans Bay, 13 NSW, Australia (n=3). Replicates were rapidly frozen by submersion of intact, attached branches 14 in liquid nitrogen (-196°C) . After removal from the tree, segments were cut from each branch 15 and transported to the lab in a cryo-shipper at -170°C. 16
Samples were planed with a diamond knife at -80°C (McCully et al., 1998; McCully et 17 al., 2000) , coated with aluminum, and transferred to the cryo-stage of a scanning electron 18 microscope (Oxford CT 1500, Oxford Instruments, Oxford, UK) where they were viewed 19 through a beryllium window. Ion concentrations in 6-12 filled xylem conduits per sample were 20 measured using EDX (Link eXL, Oxford Instruments, Oxford, UK). 21
Interaction of freezing and tension in excised branches Terminal, leaf bearing branches ~1 m 22 in length were collected during periods of minimal transpiration and xylem tension between 23 Stuart et al.
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Page 7 of 22 20:00 and 22:00 for all species except Rhizophora stylosa, which was harvested between 5:00 1 and 7:00. For each species, 23 to 15 individuals were sampled; this was reduced to 10 in R. 2 mangle, where only one experiment was conducted. Branches were cut in pairs, with one branch 3 was assigned to the freezing treatment and the other to the cold-storage control. "Tension" and 4 "Tension Relieved" samples were gathered on successive days. In "Tension" treatments, 5 branches were cut from each tree in air. In "Tension Relieved" treatments branches from the 6 same tree were cut under a solution containing 25 mM NaCl and allowed to hydrate until leaf 7 water potentials (Ψ L ) measured with a pressure chamber (Scholander et al., 1964) were ≥ 0.5 8
MPa. All branches were enclosed in plastic bags immediately following excision to prevent 9 water loss and thus preserve xylem tensions at either their native ("Tension") or hydrated 10
Prior to beginning the freezing treatments, the water potential of one leaf from each 12 branch was measured using a pressure chamber. Branches were placed in a temperature-13 controlled chamber and cooled from 0°C to -10°C at a rate of 2°C h -1 , held at -10°C for one hour, 14 and thawed at 2°C min -1 . Moist towels were placed in the freezing chamber to prevent further 15 water loss. Freezing and thawing rates reflected rates of temperature change experienced during 16 freezing in nature (Sperry & Sullivan, 1992 , Sperry et al., 1994 , Pockman & Sperry, 1997 and 17 Cordero & Nilsen 2002 . Control branches were stored in sealed plastic bags at 4°C during the 18 time the experimental branches were in the freezing chamber. 19
Thermocouples were attached to branches during freezing and branch temperatures were 20 logged using a datalogger (Campbell Scientific, Logan, Utah USA). Freezing exotherms were 21 observed and recorded for each branch. Because freezing is a stochastic process, freezing was 22
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Page 8 of 22 observed to occur at a variety of temperatures between -2 and -10°C. A sample thermocouple 1 trace for a freezing branch appears in Figure 1 . 2
The effect of freezing on xylem hydraulic conductivity was quantified by comparing 3 percent loss of hydraulic conductivity (PLC) in paired frozen and unfrozen (control) branches. A 4 3-to-7 cm segment, located >1× maximum vessel length from the cut end, was excised from each 5 branch. Maximum vessel lengths were determined using the air injection method of Zimmerman 6 & Jeje (1981) . All cuts were made under 25 mM NaCl solution to prevent entry of air into the 7 test segment; this solution, passed through a 0.2 μm syringe filter, was also used for perfusion. 8
The flow rate through each segment was then measured with a steady-state flow meter (Brodribb 9 & Feild, 2000) at an initial hydraulic head of ~2.3x10 -2 MPa (US) or ~1.9x10 -3 MPa (Australia). 10
These pressures, which occurred before the first resistor, are insufficient to flush emboli from 11 open vessels in all five species, based on measurements of maximum vessel diameter. The actual 12 delivery pressures experienced by the branches were on the order of half that supplied by the 13 initial pressure head. 14 Each segment was then flushed with perfusing solution using a syringe to remove air 15 emboli from vessels. Segments were flushed at ~100 kPa for five minutes, or until no more 16 bubbles emerged from the distal end of the segment, and then re-measured to estimate maximum 17 conductivity. Measurements are reported as PLC: 18
where K i indicates initial conductivity after treatment and K m indicates maximum conductivity 20 after flushing. The short length of the segments ensured that a majority of vessels were cut open 21 at both ends. This approach has been used by Cochard et al. (2002) and Brodribb et al. (2003) to 22 determine PLC, and was chosen because tests showed conductivity decreased in Avicennia 23 Vessel diameter measurements Vessel diameters were measured on sections taken from 7 segments used for hydraulic measurements in both the US and Australia. Three images were 8 taken per cross-section in each stem, accounting for ~3/4 of total area of the section. For each 9 species two stems each from five individuals were used. In the US, segments were shaved 10 smooth with a razor blade, oven-dried and sputter coated, and viewed on a calibrated Quanta 200 11 ESEM (FEI Co., Hillsboro, Oregon, USA). In Australia, segments preserved in ethanol were 12 hand-sectioned, stained with toluidine blue, and photographed at 100× magnification on an 13
Axioskop light microscope (Carl Zeiss, Oberkochen, Germany) with a Spot Camera (Diagnostic 14 Instruments, Sterling Heights, Michigan, USA). All images were analyzed using thresholding 15 and particle analysis utilities in analySIS 3.2 (Soft Imaging System, Gulfview Heights, 16 South Australia, Australia). 17
18
Results
19
Ion contents of xylem sap EDX analysis of both Avicennia marina and Aegiceras corniculatum 20 revealed relatively low concentrations of ions in the xylem sap ( between ion concentrations in xylem conduits of plants growing at the higher salinity coastal site 1 and the estuarine site, allowing measurements to be pooled. Avicennia marina had higher 2 average ion concentrations than Aegiceras corniculatum, but again there was no significant 3 difference between species. 4
Based on these measurements, a perfusing solution containing 25 mM NaCl was selected 5 for use in all five species. This agrees with previous reports of mangrove xylem sap content 6 (Tomlinson, 1994 , Ball, 1988 and represents 92-94% exclusion of substrate salt. Although both 7
Avicennia marina and Aegiceras corniculatum have previously been thought to have higher sap 8 salinities due to the fact that they have salt excretion glands, our results do not support this. 9
These results are also consistent with reports of 24.4-36.6 mM NaCl by Melcher et al. (2001) 
in 10
Rhizophora mangle, (a non-excreting species) however, they are less than the 56-316 mM 11
reported by López-Portillo et al. (2005) Avicennia germinans and Conocarpus erectus. 12
Interaction of freezing and tension in excised branches There was severe xylem impairment 13 in three of the five species after freezing at native tension; in two species, there was no 14 significant effect of freezing at native xylem tensions (Fig. 2) . A separate one-way ANOVA was 15 performed for each species, showing that branches of Avicennia germinans, Rhizophora mangle 16 and Rhizophora stylosa frozen under tension showed significantly (P < 0.05 for all tests, Tukey 17 HSD) greater loss in conductivity than in control branches. Freezing under tension did not 18 significantly impair conductivity in either Aegiceras corniculatum or Avicennia marina as 19 compared to unfrozen branches Fig. 2) . 20
These tests also showed that, among species susceptible to freeze-induced damage, 21
Avicennia germinans and Rhizophora stylosa showed significantly greater dysfunction after 22 freezing under tension than after freezing with tension relieved. Measurements on tension-23
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In Aegiceras corniculatum, there was no significant effect of freezing, with or without 3 tension. In Avicennia marina, branches frozen after tension was relieved showed significantly 4 greater impairment than hydrated, unfrozen branches or branches frozen under tension. However, 5 the overall loss of conductivity in this species was low (< 40%) and comparable to, or less than, 6 the measurements for control branches in other species. Although the treatments were 7 statistically distinguishable in Avicennia marina, the magnitude of impairment in each case was 8 so low that it is unlikely to have a distinguishable effect on the survival of the plant. Losses in 9 conductivity of this magnitude are not likely to lead to death of the plant; while this difference is 10 statistically significant, it is small enough in scale that it is unlikely to be physiologically 11 important. 12 13 Vessel diameter measurements Mean and hydraulically weighted average vessel diameter in all 14 five species corresponded with both latitudinal limits and observed loss of conductivity after 15 freezing at native xylem tensions ( Table 2 ). The percentage loss in hydraulic conductivity of 16 excised branches frozen under tension increased with the hydraulically weighted average vessel 17 diameter (r 2 =0.72) (Fig. 3) . These data show that when the native tension was retained, 18 interspecific differences in vessel diameter accounted for as much as 72% of the variation in 19 freeze-induced embolism. Thus, for species inhabiting saline environments, vulnerability to 20 freeze-induced embolism can be reduced by a decrease in the diameter of xylem vessels. 21
22
Discussion 23
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We tested the hypothesis that tension generated by osmotic pressure makes mangroves 1 more vulnerable to freeze-induced cavitation. In three of five species, a combination of freezing 2 at environmental temperatures and in vivo tensions caused severe embolism. Freezing under 3 tension caused also more severe loss of conductivity than did freezing with tension relieved in 4 the two species for which this was examined. However, our results also indicate that in vivo 5 tensions were not sufficient to cause significant xylem failure in Aegiceras corniculatum or 6
Avicennia marina, species with mean vessel diameters of 17.05 and 19.09 μm ( Table 2 ). We 7 believe that these species were protected from embolism by their narrow vessels. Differences in 8 hydraulically weighted average vessel diameter corresponded directly with loss of conductivity 9 due to freezing (Fig. 3) . In turn, loss of conductivity in response to freezing to -10°C 10 corresponded with the latitudinal limits of the species in this study. 11
Previous work has correlated conduit diameter with hydraulic impairment due to freezing 12 (Sperry et al., 1994 , Davis et al., 1999 , showing that primarily for reasons of volume (Tyree & 13 Zimmermann 2002 , Pittermann & Sperry, 2003 30 μm is the threshold at which severe (>50%) 14 loss of conductivity occurs (Davis et al., 1999) . In our results, all species above 22 μm showed 15 significant loss in conductivity after freeze/thaw treatment; for species below this threshold, 16 there was no major impairment after freezing. 17 The climatic profiles of the collecting sites in Florida and New South Wales may 4 contribute to the differences observed. In Florida, average winter minimums are warm, ranging 5 from 8.2 to 9.5°C, but frosts as severe as -10°C are regular events, occurring, on average, once 6 every 8 years over the past century (Henry et al., 1994) . For a mangrove growing under these 7 conditions, there is no benefit to resisting freezing in an average year, and producing narrow 8 vessels represents a significant fitness cost in years without frost. This suggests that where 9 mangroves are able to achieve reproductive success, either directly or through dispersal, they 10 may face little or no pressure to adapt to intermittent frosts. showed that when leaves are attached, xylem freezing may occur at or near this temperature (Fig.  16 1). We suggest that freezing is a pressure mangrove species in this area face before reproductive 17 age. Our results indicate that the smaller vessel diameters and higher vessel densities found at 18 this site successfully limit freeze-induced embolism even under tension. Yet, these narrow 19 vessels contribute to keeping Avicennia marina and Aegiceras corniculatum from exploiting 20 more seasonal habitats, as carbon gain is typically limited by high resistance in stems. The 21 extremely long periods of time between flowering and fruiting (>1 year, Duke, 1990) conductivity (PLC) in five mangrove species. The four treatments, indicated by pattern, were: 5 branches frozen or held at 4°C at native xylem tension, and branches cut under sap solution and 6 hydrated to relieve xylem tension. Mean water potentials for frozen + control treatments are 7 reported below each group. Error bars represent standard error calculated for each mean, n = 5 to 8 13, with an average size of 9; unevenness of group sizes was due to loss of samples because of 9 high rates of clogging in some species. A separate ANOVA test was performed for each species; 10 letters indicate groups which were significantly different at p ≤ 0.05 using Tukey HSD. For each 11 tension treatment, 'frozen' and 'control' samples were paired branches from a single individual, 12
Vessel Diameter and Latitudinal Range
for a total of 10-20 individuals per species. error of the mean, with n = 5-13 stems for PLC and n = 5 stems for vessel diameters. Two letter 7 abbreviations indicate genus and species: Aegiceras corniculatum (Ac), Avicennia germinans 8 (Ag), Avicennia marina (Am), Rhizophora mangle (Rm), and Rhizophora stylosa (Rs). 9
